Abstract: A 50-m/40-Gb/s 680-nm vertical-cavity surface-emitting laser (VCSEL)-based free-space optical (FSO) communication employing three-stage injection-locked technique and the afocal scheme is proposed and experimentally demonstrated. The threestage injection-locked technique, which can significantly increase the resonant frequency of the VCSEL, is expected to provide higher transmission rate in FSO communication. The afocal scheme, which can reduce the beam size of laser beam, is expected to provide longer free-space link in FSO communication. As far as we know, it is the first time that a three-stage injection-locked 680-nm VCSEL transmitter and afocal scheme that will successfully build up a 50-m/40-Gb/s FSO communication has been employed. Such a 50-m/40-Gb/s FSO communication provides the advantages of optical wireless links for longer transmission distance and higher transmission rate, which is thoroughly useful for high-speed light-based WiFi (LiFi) applications.
Introduction
Free-space optical (FSO) communications transmit high-quality signals and high-speed data rates by laser light propagation in free-space links. The main features of FSO communications are high directivity, unlicensed bandwidth, easy installation, and multi-gigabit mobile applications by using flexibility through a free-space link [1] - [6] . FSO communications have attracted a lot of attention as one of the promising candidates for wireless communications due to several advantages over the conventional radio frequency (RF)-based wireless communications. FSO communications are therefore developed with high expectation to overcome the wireless connection issues. A 10 m/25 Gb/s two-stage injection-locked 680-nm vertical-cavity surfaceemitting laser (VCSEL)-based light-based WiFi (LiFi) transmission system was demonstrated previously [7] , [8] . However, the performances of LiFi transmission systems can be further improved by employing three-stage injection-locked technique and the afocal scheme. Three-stage injection-locked technique has been used in optical fiber networks to improve the transmission performance of systems [9] , [10] . However, it has not been used as a system performance improvement technique in FSO communications. Three-stage injection-locked technique, which can significantly enhance the resonant frequency of the 1.55-m VCSEL for fiber transmission, is therefore expected to greatly increase the resonant frequency of the 680-nm VCSEL for FSO communication. The afocal scheme, which can greatly reduce the beam size of the collimated beam, is expected to provide longer free-space link in an FSO communication. In this paper, a 680-nm VCSEL-based FSO communication employing three-stage injection-locked technique and afocal scheme is proposed and experimentally demonstrated. The free-space transmission rate is significantly increased by the three-stage injection-locked technique, and the free-space transmission distance is greatly extended by the afocal scheme. We successfully demonstrate that a 40 Gb/s data stream can be delivered to a maximum of 50 m free-space link. To the best of our knowledge, it is the first one that employs a three-stage injection-locked technique and afocal scheme in a 50 m/40 Gb/s FSO communication. With the assistance of low noise amplifier (LNA) and clock/data recovery (CDR) at the receiving site, low bit error rate (BER) of G 10 À9 and clear eye diagram at 50 m/40 Gb/s operation are achieved. A 4 Â 50 Gb/s wavelengthdivision-multiplexing (WDM) FSO communication has been demonstrated previously [11] . However, the transmission rate of each wavelength is the same as our proposed one but expensive high-bandwidth Mach-Zehnder modulators (MZMs) are needed. Furthermore, a 2 Â 80 Gb/s dense-wavelength-division-multiplexing (DWDM) bidirectional optical wireless link has been illustrated formerly [12] . Nevertheless, the transmission rate of each wavelength and the free-space transmission distance are far from than our proposed one. This proposed 680-nm VCSEL-based FSO communication is shown to be a distinguished one not only offers the advantages of a communication link for higher transmission rate (40 Gb/s) and longer free-space link (50 m) but reveals its feasibility for optical wireless communications as well.
Experimental Setup
The experimental configuration of the proposed 50 m/40 Gb/s 680-nm VCSEL-based FSO communication that employs the three-stage injection-locked technique and the afocal scheme is shown in Fig. 1 . The VCSEL1, with 3-dB bandwidth/wavelength range/color of 5.2 GHz/681.74-682.12 nm/red, is directly modulated by a 40 Gb/s pseudorandom binary sequence (PRBS) of 2 15 À 1. For three-stage injection locking, the VCSEL2 is used as the first injection light source with an injection power level of 4.4 dBm. Light is injected through a convex lens, a free-space optical isolator with an isolation of 38 dB, and a 50:50 beam splitter. The function of the beam splitter is to split a beam of light in two. In addition, the VCSEL3 and VCSEL4 are used as the second and third injection light sources with injection power levels of 6.2 dBm and 6.4 dBm, respectively. Lights are also injected through convex lenses, free-space optical isolators, and 50: 50 beam splitters. After light emitted from the three-stage injection-locked VCSEL1, the light is divergent, fed into the convex lens, passed through three beam splitters, launched into an afocal scheme, and reflected by a plane mirror. The function of the convex lens is to transform the divergent beam into the parallel beam, and the function of the afocal scheme is to reduce the beam size of laser beam. After plane mirror reflection, the reflected light is fed into another afocal scheme to reduce the beam size of laser beam. The afocal scheme can be divided into three types: booster, in-line, and pre-afocal schemes. The booster afocal scheme is operated at the transmitting site, the in-line afocal scheme is operated in the middle position, and the pre-afocal scheme is operated at the receiving site. In general, the booster and pre-afocal schemes are a pair of afocal schemes to be used simultaneously [13] , [14] . The booster afocal scheme is used to expand the beam size of laser beam, and the pre-afocal scheme is used to reduce the beam size of laser beam. Whereas the afocal scheme used in the experiment is the in-line afocal scheme, it is used to reshape the collimated laser beam. Compared with booster and pre-afocal schemes, the in-line afocal scheme reveals a prominent one with simpler and more economic advantages. For a real implementation of FSO communication, the in-line afocal scheme can be fixed on the wall or ceiling for indoor application. For indoor FSO application, a 50-m free-space link can satisfy the practical implementation requirement to conquer the optical wireless connection issues.
Over a 50-m (25 þ 25 m) free-space link, the visible laser light with a data stream of 40 Gb/s is reached to a photodiode (PD). The PD has a 3-dB bandwidth of 40 GHz, a detection wavelength range of 500-1630 nm, and a responsivity of 0.42 mA/mW (at 680 nm). After PD detection, the received data stream is boosted by a LNA with a 3-dB bandwidth of 40 GHz and a noise figure of about 2.2 dB. It is necessary for an LNA to boost the data stream while adding as little noise and distortion as possible. After LNA boost, the data stream is recovered by a 40-Gb/s CDR and fed into a bit error rate tester (BERT) for BER performance evaluation. The function of the CDR is to recover and regenerate the data stream from the distorted data stream due to a 50-m free-space link. Since BER will increase as the receiver cannot discriminate between noise and transmitted data, a CDR scheme is required at the receiving site.
The frequency response of the 680-nm VCSEL-based FSO communications is also measured and analyzed in Fig. 1 . RF sweep signal (DC-45 GHz) generated from a network analyzer is fed into the VCSEL1. After PD detection, the detected RF sweep signal is launched into the network analyzer for frequency response analysis. The frequency response of 680-nm VCSELbased FSO communications is measured and analyzed under different scenarios of free-running, one-stage injection locking, two-stage injection locking, and three-stage injection locking. For an afocal scheme, the separation distance (d ) of two convex lenses is equal to the sum of the focal lengths ðd ¼ f 1 þ f 2 Þ. Here, the function of the afocal scheme is to transform a collimated beam with a large diameter ðd 1 Þ into another collimated beam with a small diameter ðd 2 Þ:
Experimental Results and Discussion
Since the diameter of the collimated beam has been reduced, yet the free-space transmission distance of FSO communications can be further extended. From equation (1), it is clear that lower focal length ratio ðf 2 =f 1 Þ leads to smaller collimated beam diameter ðd 2 Þ, by which resulting in longer free-space transmission distance. As the free-space transmission distance increases, however, the received optical signal-to-noise ratio (SNR) also decreases because the received optical power includes more other distortion light. Such an SNR decrement leads to BER performance degradation. Thereby, there is a trade-off between the focal length ratio (free-space transmission distance) and the BER performance. In order to guarantee successful design of FSO communications, system designers will have to address the minimum focal length ratio of the afocal scheme. The frequency response of the 680-nm VCSEL-based FSO communications for free-running, one-stage injection locking, two-stage injection locking, and three-stage injection locking scenarios are presented in Fig. 3 . For free-running scenario, the 3-dB bandwidth is 5.2 GHz; for onestage injection locking scenario, the 3-dB bandwidth is 12.5 GHz; and for two-stage injection locking scenario, the 3-dB bandwidth is 26.2 GHz. For three-stage injection locking scenario, however, the 3-dB bandwidth is increased up to 41.8 GHz as anticipated. This finding shows that the three-stage injection-locked 680 nm VCSEL transmitter is powerful enough for 40 Gb/s transmission. To obtain a high 3-dB bandwidth operation, the wavelengths of the injected lights must be carefully chosen to ensure optimum enhancement in the frequency response. For firststage injection locking, the wavelength of the master laser (VCSEL2) should be slightly longer than that of the slave laser (VCSEL1) to obtain a flat frequency response. A positive wavelength detuning is employed to achieve the first-stage injection locking. For second-stage injection locking, however, the wavelength of the master laser (VCSEL3) should be slightly shorter than that of the slave laser (one-stage injection-locked VCSEL1) to obtain a high-frequency resonance peak. A negative wavelength detuning is employed to achieve the second-stage injection locking. For third-stage injection locking, the wavelength of the master laser (VCSEL4) should also be slightly shorter than that of the slave laser (two-stage injection-locked VCSEL1) to achieve a high-frequency resonance peak [15] . A negative wavelength detuning is also employed to complete the third-stage injection locking. For the injection locking range, the injection locking range for each stage is À0:12 $ þ0:12 nm. The injection locking range for laser (VCSEL) under light injection is given by [16] 
where d is the injection locking range, k c is the coupling coefficient, S i =S is the injection ratio, and is the linewidth enhancement factor. It can be seen that, from equation (2), higher injection ratio leads to larger injection locking range. Within the injection locking range, an injection locking behavior achieves. However, outside the injection locking range, a severe oscillation occurs. A 680-nm VCSEL-based FSO communication employing multi-stage injection-locked technique can be demonstrated to increase the transmission rate up to 100 Gb/s, as long as each master laser (VCSELn) has enough optical power to inject into the slave laser (multi-stage injectionlocked VCSEL1) and the injection locking for each stage is within the injection locking range. As optimum multiple-stage injection locking happens, the 680-nm VCSEL-based FSO communications have the best transmission performances in terms of the lowest BER value and the clearest eye diagram. The optical spectrum of VCSEL1 for free-running scenario is presented in Fig. 4(a) . As VCSEL1 is one-stage injection-locked, as shown in Fig. 4(b) , the optical spectrum of one-stage injection-locked VCSEL1 shifts to a slightly longer wavelength (681.76-682.15 nm). As VCSEL1 is two-stage injection-locked, as shown in Fig. 4(c) , the optical spectrum of the twostage injection-locked VCSEL1 shifts to a slightly shorter wavelength (681.73-682.12 nm). As VCSEL1 is three-stage injection-locked, as shown in Fig. 4(d) , the optical spectrum of the threestage injection-locked VCSEL1 shifts to a slightly shorter wavelength (681.71-682.09 nm). One important characteristic of injection locking is that the injected laser is compelled to oscillate at the injection wavelength rather than the original free-running wavelength. Therefore, the wavelength range of VCSEL2 is 681.76-682.15 nm, the wavelength range of VCSEL3 is 681.73-682.12 nm, and the wavelength range of VCSEL4 is 681.71-682.09 nm.
For the optical output power of the three-stage injection-locked VCSEL1, it is conformed to the food and drug administration (FDA) Class IIIa mandatory regulation, i.e., the optical output power of the three-stage injection-locked VCSEL1 cannot exceeded 5 mW. The risk of injury is very small as three-stage injection-locked VCSEL1 that conforms to the FDA Class IIIa regulation is employed because the natural motion of a person who might be exposed makes it difficult for the eyes to be exposed for a long period of time. People also have a natural aversion to bright light and are likely to close their eyes or turn their heads if exposed. Thereby, it is safe for eyes to employ three-stage injection-locked VCSEL1 as the light source of FSO communication conformed to the FDA Class IIIa regulation.
A functional block diagram of CDR is illustrated in Fig. 5 , by which including data decision circuit (DDC), amplifier, phase detector, low-pass filter (LPF), and voltage-controlled oscillator (VCO). The combined clock/data signal goes into the CDR and separates into two distinct paths after amplification. One clock/data signal passes through the data recovery block (DDC block) while the other clock/data signal passes through the clock recovery block. The recovered clock from the VCO is used as a sampling input to the DDC and a feedback to the phase detector. These two data and clock recovery blocks are employed to implement a successful CDR in high-speed FSO communication.
The measured BER curves of the 680-nm VCSEL-based FSO communications at a data stream of 40 Gb/s over 40 m/50 m/60 m free-space transmission distances, as LNA and CDR are employed simultaneously, are shown in Fig. 6 . As shown, as the free-space transmission distance increases the BER value increases as well. As the free-space transmission distance is larger than 50 m, the BER value is higher than 10 À9 . Longer free-space transmission distance results in lower received optical power, by which leading to the degradation of BER performance. A trade-off occurs between the transmission distance and the transmission rate. For a practical implementation of FSO communication, long free-space transmission distance and high free-space transmission rate are the major interests of system designers. The implementation of 50 m/40 Gb/s FSO communications is a challenge, especially for given service quality.
The eye diagrams of the 40 Gb/s data stream over a 50-m free-space link without/with employing LNA and CDR are displayed in Fig. 7 Table 1 ). To have a more association with LNA, CDR, and BER performance, we remove one of the BER performance improvement schemes. It is obvious that as only one BER performance improvement scheme is employed, the BER performance improvement is limited.
The invisible 850-nm near VCSEL-based and 1550-nm distributed feedback (DFB) laser diode (LD)-based FSO communications could be employed to substitute for the visible 680-nm VCSEL-based FSO communications. However, they are difficult to obtain good free-space transmission performances due to laser light misalignment. Since the 850-nm and 1550-nm laser lights are invisible, yet it is a challenge to aim the invisible laser lights at the PD. To compare with the invisible 850-nm near VCSEL-based and 1550-nm DFB LD-based FSO communications, the visible 680-nm VCSEL-based FSO communications are attractive due to easier laser light alignment. Moreover, a bidirectional communication is important for an FSO communication. Asymmetrical communication is usually deployed in a bidirectional communication. Therefore, a 
Conclusion
A 50 m/40 Gb/s FSO communication based on a three-stage injection-locked 680 nm VCSEL transmitter and afocal scheme is proposed and demonstrated. With the help of LNA and CDR at the receiving site, low BER operation and clear eye diagram are achieved. Such a proposed 680-nm VCSEL-based FSO link has provided a very promising candidate for optical wireless communications due to the characteristics of long transmission distance and high transmission rate. Employing the three-stage injection-locked technique and the afocal scheme in a 50 m/40 Gb/s FSO link is a promising option; it is attractive feature that can accelerate the deployment of optical wireless communications.
